Cosmic strings are topological defects, relicts of the early Universe, which can be formed during phase transitions of elds with spontaneous broken symmetry. There also exists a special class of cosmic strings superconducting cosmic strings, inside of which the massless charge carriers, so-called zero modes, are presented and can move along the string without any resistance. The superconducting cosmic strings during their relativistic motion through the cosmic plasma could be a powerful source of electromagnetic radiation. The emission of cusps on the superconducting strings is highly beamed and has the nature of bursts. In the present work, it is shown, that the millisecond extragalactic radio bursts, discovered during the last decade, called the fast radio bursts (FRB), with unknown nature, could be explained as radiation from cusps on superconducting cosmic strings. Estimates made for ten FRBs discovered till now show that bursts could be produced by a string with α = ΓGµ/c
introduction
The rst extragalactic millisecond radio burst was found by a group of scientists led by Lorimer in 2007 [8] during the processing of archival data obtained by observing the Magellanic Clouds at a frequency of 1.4 GHz using the 64-m radio telescope Parkes in Australia. The burst was seen in the data of 24 July 2001 and it was approximately three degrees south of the Small Magellanic Cloud. The observational ux from the burst was F ν = 30 Jy and the duration was τ < 5 ms. The properties of the burst did not allow to associate it with a physical phenomena that could occur in our Galaxy or in the Small Magellanic Cloud. According to current models for free electrons of cosmic plasma, the burst occurred at a distance of r ≤ 1 Gpc, corresponding to the redshift z ≤ 0.3. The data for the subsequent 90-hour observation showed that this was a single burst phenomenon, a particular event. In 2013, it was reported that four more bursts of extragalactic nature were observed by the Parkes radio telescope.
The observed phenomenon was termed fast radio burst (FRB). These four radio bursts FRB110220, FRB110627, FRB110703, and FRB120127 were discovered when processing data of 20112012, their characteristics were similar to that of Lorimer's burst which was assigned the number FRB010724 (spark, Lorimer burst).
The redshifts z of these radio bursts are in the range of 0.45 to 0.81, the observed uxes range from F ν = 0.4 Jy to F ν = 1.3 Jy, the durations are from 1.1 ms up to 5.6 ± 0.1 ms. The width of bursts, their coordinates, duration, uence, and distance to them are given in [14] .
Recently, using the Arecibo Observatory radio telescope, another fast radio burst FRB121102 was detected in the 1.4 GHz pulsar ALFA survey in the northern hemisphere, specically in the region of the Galactic anti-centre. The duration of the burst was τ = 3 ± 0.5 ms, the observational ux was F ν = 0.4 Jy. The international team of scientists led by Laura Spitler from the Max Planck Institute of Radio Astronomy in Bonn (Germany) involved in processing FRB121102 data considered that there are seven FRBs on average every minute in the sky [13] . Since there is a set of FRBs with similar characteristics, this leads to the assumption that they are of the same nature. Several explanations for cosmological FRBs were proposed, such as a supernova explosion, bursts from magnetars, or mergers of relativistic objects black holes or neutron stars. There is also an explanation for the Lorimer burst FRB010724, which was proposed by Vachaspati in 2008 citevachaspati.
The self-crossing and annihilation during the forma- * Zadorozhna_Lida@ukr.net tion of a cusp on a superconducting string creates the conditions for the electromagnetic radiation. The FRB was explained as the electromagnetic emission from a cusp of a superconducting string with its energy on the Grand Unication scale with the current in the string I = 10 5 GeV.
Another work that associated cosmic strings with FRBs has explained four FRBs, which were discovered at the Parkes telescope, as electromagnetic radiation from cusps of superconducting cosmic string, that moves through a magnetic eld frozen in cosmic plasma. Results obtained in this work are as follows: these radio bursts might be radiated by a string with Gµ/c 2 ∼ 4.1 · 10 −11 moving through a magnetic eld B 0 = 10 −6 G [18] . The authors also suggest to search for these strings by detection of gravitational radiation, using gravitational wave detectors such as LIGO/VIRGO or LISA. Estimates presented in [18] seem somewhat overstated both with regards to the magnitude of magnetic eld and the energy scale of strings. As it will be shown below, this value of energy strings' scale could not explain such rate of detecting of FRBs in the sky, as is predicted by observations.
In general, the theory of electromagnetic radiation from the cusp of the superconducting string loop was developed by Berezinsky, Hnatyk, and Vilenkin in 2001, and such a mechanism of radiation was proposed for explaining the gamma-bursts [2] .
In [5] , the most comprehensive description of FRBs discovered until now is given. The authors present constraints on the origins of FRB using cosmological hydrodynamic simulations. They use these simulations to calculate contributions to the dispersion measures (DMs) of FRBs from the Milky Way, the local Universe out to ∼ 100 Mpc, the cosmological large-scale structure, and potential FRB host galaxies. They then compare the results of these simulations to the DMs for observed FRBs.
FRBs detected in real-time are of a particular interest. In [10] , the authors reported the real-time discovery of a fast radio burst FRB131104 with the In [1] , authors showed that the fast radio burst FRB010621 might have a galactic nature, the upper limit on the distance was estimated as 24 kpc. However, their results also show that there is a 10% probability that FRB010621 is extragalactic.
The known data about ten discovered until now fast radio bursts (FRBs) are given in Table 1 . along their motion [17] which can serve as a source of energy for some cosmological gamma bursts [2] .
In articles [19, 20] , authors have considered the astrophysical manifestations of superconducting cosmic strings due to the non-thermal emission of electrons of the cosmic plasma accelerated by the front of a shock wave near the magnetosphere of a string.
It is shown that the superconducting strings in the magnetized intergalactic medium can be powerful sources of the non-thermal emission.
In [21] authors propose an alternative explana- 
is the Universe's lifetime, and z is the redshift [3] . The parameter α determines the loss rate of energy by a string due to the gravitational emission, and depends on the energy scale of a phase transition, during which a string was formed:
where Γ ∼ 50 is a dimensionless parameter [12, 11] . . (1) Thus, the cusp region of the string will move with a very large Lorenz factor. electromagnetic emission from cusp on cosmic string Electromagnetic radiation from an oscillating loop of a string can be considered as the radiation from a periodic source. The total power P is expressed as a sum of the radiation power at certain harmonics [16] :
the radiation frequency at a certain harmonic is ν n = n/T , where T = l/2c is the period of oscillation. The radiation power of the n-th harmonic is P n ≈ kI 2 n −2/3 /c, where k is a constant coecient that has been calculated numerically for some simple loop trajectories and is typically on the order of k ∼ 10. The total power is [16] :
where n * is the cut-o number, which must be lower than n em ∼ (µ/I 2 ) 3/2 , which is determined by comparing the maximum current in the cusp region and the mass per unit length (tension) of the string µ.
The scale of the near-cusp region is much smaller than the scale of the loop l, the contribution of the near-cusp region to the radiation comes mainly from higher harmonics with n 1. The total energy of the pulse of electromagnetic radiation from the near-cusp region is E tot em ∼ 2kII s l/c 2 . An energy E tot em ∼ nP n T is radiated during the formation of the cusp in one oscillation period T from the region ∆ζ ∼ n 
The isotropically-equivalent energy can be written as
where Ω ∼ πθ 2 . The lifetime of the near-cusp region for the external observer is
The isotropically-equivalent luminosity is L iso em = E iso em /τ c . The ux of the electromagnetic emission from the cusp region of the string for an external observer, if radiation propagates in a vacuum, is as follows:
where d L is the photometric distance from the landbased observer to the radiation region d L = 3t 0 c(1
The dependence of the spectral ux on the frequency is
where F ν,0 is the spectral ux at the frequency ν 0 . The ux is F obs em = νmax νmin F ν dν, if we assume ν min = 0 and that the top of the cusp with γ s,max emits radiation with the frequency ν max , then
The spectral ux of the electromagnetic emission from the cusp region of the string for an external observer at the observational frequency ν 0 , if radiation propagates in a vacuum, is
The observational frequency of the electromagnetic burst is inversely proportional to the intrinsic dura- 
From the formula for the duration of the cusp event,
we can express
Let us suppose that a cosmic string with α = 10 −12 moves in cosmic plasma with a magnetic eld B 0 = 10 −10 G and emits radiation that we can detect at the frequency ν obs = 1.3 GHz. The maximum Lorenz factor of the cusp from equation (1) It should be noted that the maximum Lorentz factor is achieved only once, at the rst time during the formation of the cusp. The following times of cusp formation, as string loses its energy during oscillations, the near-cusp region is smoothed and has the much smaller Lorentz factor. We assume that the rst appearance of the cusp on the string was a long time ago, and the Lorentz factor γ s is close to the maximum Lorentz factor, to which the top of the cusp can be accelerated now. For the same reason, the near-cusp region does not emit radiation with the frequency ν max and we assume that the maximum frequency is close to ν obs . And, since n −1/3 * l = l/γ s , from equation (2), we have (4) the spectral ux for an external observer does not depend on the observational frequency. The dependence between observed uxes from cusps F obs and redshifts z where bursts are observed is shown for dierent parameters: α = 10 −12 , τ obs = 1 ms; α = 10 −12 , τ obs = 5 ms; and α = 5 · 10 −13 , τ obs = 5 ms for magnetic eld magnitude B 0 = 10 −10 G in Fig.1 .
As if there is a certain probability that FRB010621, FRB131104 are extragalactic FRB, we estimated the fast radio bursts's redshifts, where these bursts possibly have taken place (see Fig. 1 ).
FRBs as emission from cusp on superconducting cosmic string
Using the observational cosmological data for FRBs, we can nd the characteristics of superconducting cosmic strings. For example, the FRB110220 has the following characteristics: the detection frequency is ν obs = 1.3 GHz, the redshift is z = 0.81, the observational duration is τ obs = 5.6·10 −3 ms and the peak ux is F obs = 1.3·10 −23 erg cm −2 c −1 Hz −1 ). Assuming the magnetic eld is equal to B 0 = 10 −10 G, we obtain from the equations (2), (4):
for the FRB110220, α = 1.5 · 10 −12 , the Lorenz factor of the cusp region is γ s = 6.2 · 10 4 . Similarly, the value α ∼ 5 · 10 −13 − 10 −12 is obtained for other
FRBs (see Table 1 ).
The characteristics of the superconducting cosmic string loopά,γ s if it emits the electromagnetic burst moving in intergalactic medium with the magnetic eld B 0 = 10 −8 G are presented in Table 1 .
If we suppose that all loops of superconducting cosmic strings are formed during the same phase transition of elds with spontaneous breaking symmetry in the early Universe, and they have α ∼ 10 −12 , but on the other hand, dierent loops move in cosmic plasma with dierent strength of frozen magnetic eld B 0 and may have dierent size l = pαct, where p is the normalization coecient (above we considered that all of the loops have the same average size l = αct), we can nd the multiplication of two parameters p 2 B 0 , from observational data for FRBs, using the relation
The results are presented in Table 1 .
detection probabilities of FRBs
The lead author of the paper [13] , Laura Spitler from Max Planck Institute for Radio Astronomy (MPIfR) in Bonn, who was involved in the processing of data on FRBs, considered that on average every minute in the sky there are seven FRBs N ≈ 7 min −1 = 420 hr −1 . We will further use this assumption.
The rate of FRBs originating at cusps in the redshift interval dz and seen at the angle θ in the interval dθ is given by [2] :
We assume that the fraction of volume of the Universe occupied by magnetized plasma is f B ∼ 0.1, the number of cusp events in unit spacetime vol-
, the oscillation period of a loop is T ∼ αt/2, the proper volume between redshifts z and dz is dV = 54π(ct)
2 dz, and we use the relations
It is important to comply with a certain order of integration, namely, rst we integrate over θ between 0 and 1/γ s , as γ s depends on z, then over z from 0 to 2 (taken little overestimated; we consider that all bursts that can be registered have z ≤ 2). This
For ν obs = 1.3 GHz, we nd N = 9.68 · 10 −34 × α −8/3 min −1 . So, in order to explain such number of FRBs, the string must have α = 2 · 10 −13 . The linear density of this string is µ = αc 2 /ΓG = 5.2·10 13 g/cm, which corresponds to the energy scale of the phase transition η = 1.2·10 9 erg= 7.6·10 11 GeV, the oscillation period of a loop or a repetition rate of the bursts
The rates of FRBs from z = 0..2 estimated in this way are presented in Table 2 for dierent values of the parameter α. (Fig. 1 ).
There is a certain probability that the fast radio bursts FRB010621, FRB131104 are extragalactic. In framework of our model, we have estimated the redshifts, where these bursts have possibly taken place.
In the framework of the theory of emission from cusps of the superconducting cosmic string loops, we have also estimated the probability of FRB detection, that is highly close to the probability of detection, given by the observational data. (Namely, N ≈ 7 min −1 = 3679200 year −1 ).
Radiation from cusps of the superconducting cosmic strings could also be explained by the nonthermal emission of electrons of cosmic plasma accelerated on the shock wave front around the nearcusp region of a string. Such a shock wave will be generated during the relativistic motion of superconducting cosmic string's segment through the cosmic plasma with a magnetic eld frozen in it.
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references −13 , τ obs = 5 ms (solid line). Fast radio bursts FRB121102, FRB140514, FRB120127, FRB110627, FRB011025, FRB110220, FRB110703 are marked as triangles. FRB010724 is a bit out of the general picture because of high ux F ν = 30 Jy. For the fast radio bursts FRB010621, FRB131104 we estimated the redshifts where these bursts possibly arose. They are marked as squares if they were emitted by string with α = 10 −12 and marked as rectangles if they were emitted by string with α = 5 · 10 −13 .
